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Glucocorticoids, including cortisol and corticosterone, regulate a variety of physiological processes, ranging from energy metabolism to long-term memory formation and emotional behavior (8, 10, 25, 32) . Chronic excessive cortisol secretion, which occurs in prolonged stress or Cushing's disease, leads to systemic and central nervous system toxicity. In the central nervous system, cortisol-induced damage to the hippocampus and other brain areas causes memory impairments, as well as neuropsychiatric disorders (2, 27, 35) .
Because cortisol functions pivotally in human health and disease, an understanding of the molecular mechanisms that regulate its production at the level of the adrenal zona fasciculata (AZF) cell is critical. In this regard, the biochemical and ionic signaling pathways by which ACTH and ANG II stimulate glucocorticoid synthesis are complex, involving multiple second messengers and the activation and synthesis of a number of steroidogenic proteins (54, 58) . ACTH binds to a G s protein-coupled melanocortin 2 receptor, leading to the synthesis of cAMP through activation of adenylate cyclase (45) . ANG II interacts with a G q protein-coupled angiotensin type 1 receptor, leading to the activation of phospholipase C␤, the production of diacylglycerol and inositol 1,4,5-trisphosphate from phosphatidylinositol 4,5-diphosphate, and the release of Ca 2ϩ from the endoplasmic reticulum (56) . In addition to the biochemical mechanisms that couple ACTH and ANG II receptor activation to corticosteroid synthesis, an important role for ion channels and depolarizationdependent Ca 2ϩ entry has been established. Early intracellular recording from zona fasciculata tissue and isolated rabbit, cat, bovine, rat, and mouse AZF cells showed that these cells maintained membrane potentials (V m ) determined by the resting K ϩ permeability (36, 38, 39, 46, 51) . Furthermore, ACTH depolarized and triggered action potential-like waveforms in mouse and rabbit AZF cells (36, 38, 39) . Ca 2ϩ -dependent action potentials have also been recorded in cat, rat, and bovine AZF cells (1, 46, 51) .
Studies combining patch-clamp recording and molecular cloning have identified Ca 2ϩ and K ϩ channels expressed by bovine AZF cells. Specifically, bovine AZF cells express voltage-gated Ca v 3.2 and K v 1.4 channels and a novel leak-type K ϩ channel that set their resting V m (41, 42, 44) . The leak-type K ϩ channel, later identified as TREK-1 of the two-pore K ϩ channel family, was potently inhibited by ACTH and ANG II, producing membrane depolarization (14, 18, 41) . Based on these findings, we proposed a model for cortisol secretion wherein ACTH and ANG II receptor activation was coupled to membrane depolarization and the activation of Ca v 3.2 channels through TREK-1 inhibition (14, 17, 33) . The inhibition of ACTH-and ANG II-stimulated cortisol secretion by organic Ca 2ϩ antagonists at concentrations that blocked Ca v 3.2 channels provided support for this model (17) .
Although these studies significantly advanced our understanding of the role of electrical events, ion channels, and Ca 2ϩ in corticosteroid secretion, major questions remained unan-swered. First, although the inhibition of cortisol secretion by  organic Ca  2ϩ antagonists indicates a requirement for Ca  2ϩ in  ACTH-and ANG II-stimulated corticosteroidogenesis, these  findings did not determine whether increasing intracellular  Ca  2ϩ concentration is sufficient to stimulate cortisol production. In this regard, the complex signaling pathways activated and the multiple second messengers generated in response to ACTH and ANG II receptor activation lead to rapid and delayed increases in cortisol synthesis, involving protein phosphorylation and the transcription of genes coding for steroidogenic proteins (26, 48, 54, 58) . Because of the complexity of these responses, it is difficult to assign specific steroidogenic actions to Ca 2ϩ in these cells. The identity of the voltage-sensitive Ca 2ϩ channels involved in regulating cortisol secretion has also been controversial. Although low voltage-activated T-type Ca 2ϩ channels are the most prominent channels in nearly all bovine, human, and rat AZF cells, L-type Ca 2ϩ channels are also expressed in at least some of these cells (15, 42, 60) . Confusion regarding the role of L-type Ca 2ϩ channels in the regulation of glucocorticoid secretion by ACTH and ANG II arises from several sources. First, in standard whole cell patch-clamp recordings, L-type Ca 2ϩ currents often "run down" rapidly, coincident with the diffusion-controlled dilution of cytoplasmic components essential for L-type channel activity (28) . The time-dependent decrease in L-type channel activity is therefore inversely related to cell size and slowed by patch pipettes with smaller tips (24) . The rundown of L-type currents can also be delayed by strongly buffering intracellular Ca 2ϩ to low levels, with Ba 2ϩ , rather than Ca 2ϩ , as the charge carrier, and by including 5-20 mM ATP in the pipette solutions (28) .
A previous study of AZF Ca 2ϩ channels focusing on the voltage-dependent gating and kinetic properties of T-type channels was done under conditions that did not promote the activity of L-type channels (42) . Accordingly, in a large fraction of cells, only a T-type current later identified as Ca v 3.2 was detected. Later, in perforated patch-clamp recordings of bovine AZF cells, a small, noninactivating L-type current was detected in ϳ40% of tested cells (22) .
Previous studies aimed at determining the role of specific Ca 2ϩ channel subtypes in ACTH-and ANG II-stimulated cortisol secretion have been compromised by the limited specificity of organic Ca 2ϩ antagonists available at the time. In particular, dihydropyridines (DHPs) were introduced as extremely potent, selective L-type channel antagonists (53) . However, in addition to inhibiting L-type Ca 2ϩ channels, many DHPs are also relatively potent T-type Ca 2ϩ channel blockers (21, 50) . In bovine AZF cells, the potency of selected DHP Ca 2ϩ channel antagonists as inhibitors of ACTH-stimulated cortisol secretion was well correlated with the inhibition of T-type Ca 2ϩ current in these cells (17) . In recent years, studies have identified DHP antagonists, including nifedipine, that selectively block L-type channels at concentrations that have little or no effect on T-type channels, particularly Ca v 3.2 (50) .
The absence of specific antagonists has also limited our understanding of the role of T-type channels in cortisol secretion. However, organic antagonists reported to potently and selectively block T-type Ca 2ϩ channels have recently become available (9, 11) .
In the present study we have characterized the voltage-gated Ca 2ϩ channel currents in bovine AZF cells under conditions that maximized the activity of L-type currents. It was discovered that, in addition to T-type Ca 2ϩ currents, these cells also express two distinctive L-type currents, slowly and rapidly activating currents, both of which are activated at relatively hyperpolarized V m . Specific antagonists of these T-and L-type currents were identified and then used to determine the contribution of these Ca 2ϩ channel subtypes to ACTH-and ANG II-stimulated cortisol secretion.
MATERIALS AND METHODS
DMEM/F-12, antibiotics, and fetal bovine serum (FBS) were obtained from Invitrogen (Carlsbad, CA); phosphate-buffered saline, bovine plasma fibronectin, tocopherol, selenite, ascorbic acid, 8-bromoadenosine-3=,5=-cyclic monophosphate (8-BrcAMP), MgATP, NaGTP, ACTH-(1-24), ANG II, nifedipine, pimozide, fluspirilene, and (Ϯ)-BAY K8644 from Sigma (St. Louis, MO); S-(ϩ)-niguldipine hydrochloride from Santa Cruz Biotechnology (Santa Cruz, CA); and penfluridol from Janssen Pharmaceutical (Beerse, Belgium). 3,5-Dichloro-N-[1-(2,2-dimethyl-tetrahydro-pyran-4-ylmethyl)-4-fluoropiperidin-4-ylmethyl]-benzamide (TTA-P2; Alomone Labs, Jerusalem, Israel) was made up as a 10 mM stock solution in dimethyl sulfoxide; aliquots were kept at Ϫ20°C and diluted for use as indicated.
Isolation and culture of AZF cells. Bovine adrenal glands from steers (2-3 yr of age) were purchased from a local slaughterhouse. Isolated AZF cells were obtained and prepared as previously described (16) . After isolation, cells were resuspended in DMEM/F-12 (1:1) with 10% FBS (Invitrogen), 100 U/ml penicillin, 0.1 mg/ml streptomycin, and the antioxidants 1 M tocopherol, 20 nM selenite, and 100 M ascorbic acid (DMEM/F-12ϩ) and plated for immediate use or resuspended in FBS-5% dimethyl sulfoxide, divided into 1-ml aliquots, and stored in liquid nitrogen for future use. To ensure cell attachment, dishes were treated with fibronectin (10 g/ml) for 30 min at 37°C and then rinsed with PBS before cells were added. Cells were maintained at 37°C in a humidified atmosphere of 95% air-5% CO 2. Cortisol secretion and assay. In experiments measuring cortisol secretion, bovine AZF cells were plated in fibronectin-coated 35-mm dishes at a density of 0.2-0.4 ϫ 10 6 cells per dish in DMEM/F-12ϩ. After a recovery period of 24 h, the medium was changed to defined medium, which consisted of DMEM/F-12 supplemented with 50 g/ml BSA, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 1ϫ insulin-transferrin-selenium-sodium pyruvate (ITS-A, Life Technologies) with or without additional agents for required times. Medium from experiments was assayed immediately after collection or frozen (Ϫ20°C) until all samples were collected. All experimental conditions were performed in triplicate. Cortisol secretion by AZF cells was measured using a cortisol enzyme immunoassay kit (catalog no. 11-CORHU-E01, Alpco Immunoassays, Salem, NH) according to the manufacturer's directions. If necessary, media samples were diluted using defined medium. Statistical analyses (see Figs. 3 and 9 -13) were performed using the unpaired Student's t-test for comparison of two data sets or ANOVA with the Holm-Sidak method posttest for all pair-wise multiple comparisons.
Northern blot hybridization and measurement of mRNA. Total RNA isolation and Northern blot procedures are described elsewhere (12) . Briefly, 5-7 ϫ 10 6 AZF cells were plated on 60-mm fibronectintreated dishes in DMEM/F-12ϩ. After 24 h, the medium was replaced with defined medium without (control) or with ACTH-(1-24) or 8-BrcAMP as required. At the end of the incubation period, total RNA was extracted using RNeasy columns (Qiagen, Valencia, CA), electrophoresed on a denaturing gel containing 10 g of total RNA per lane, and transferred to a nylon transfer membrane (GeneScreen Plus, PerkinElmer Life Sciences, Waltham, MA). Ca v1.3 probe was generated by RT-PCR using avian myeloblastosis virus reverse transcriptase (Promega, Madison, WI), specific primers for bovine Ca v1.3, and total RNA isolated from bovine AZF cells as described above. Recording conditions and electronics. At 2-8 hours after they were plated, AZF cells were used for patch-clamp experiments. To minimize Ca 2ϩ channel rundown, whole cell recordings were made from larger AZF cells with use of higher-resistance patch electrodes. Typically, cells with diameters Ͼ15 m and capacitances of 20 -35 pF were selected. Coverslips upon which cells were plated (Bellco, Vineland, NJ) were transferred from 35-mm culture dishes to the recording chamber (1.5 ml volume), which was continuously perfused by gravity at a rate of 3-5 ml/min. For whole cell recordings, patch electrodes with resistances of 2.5-3.5 M⍀ were fabricated from Corning 0010 glass (World Precision Instruments, Sarasota, FL). These electrodes routinely yielded access resistances of 4 -8 M⍀ and voltage-clamp time constants of Ͻ200 s. Ca 2ϩ currents were recorded at room temperature (22-25°C) according to the procedure of Hamill et al. (23) using a List EPC-7 patch-clamp amplifier.
Pulse generation and data acquisition were done using a personal computer and pCLAMP software with Digidata 1200 interface (Axon Instruments, Burlingame, CA). Currents were digitized at 2-10 kHz after they were filtered with an eight-pole Bessel filter (Frequency Devices, Haverhill, MA). Summed scaled hyperpolarizing steps of one-fourth pulse amplitude were used to subtract linear leak and capacity currents from current records. Data were analyzed using pCLAMP (Clampfit 9.2) and SigmaPlot (version 11.0) software.
RESULTS

Voltage-gated Ca
2ϩ currents. When whole cell Ca 2ϩ currents were recorded from smaller AZF cells (Ͻ15 pF) in the presence of 10 mM Ca 2ϩ with pipettes containing 1 mM MgATP, a low-voltage-activated, rapidly inactivating T-type Ca 2ϩ current was typically the only measurable current observed (Fig. 1A) . In cells where a small noninactivating Ca 2ϩ current was initially present, it ran down within several minutes. In contrast, when recordings were made from larger cells (20 -35 pF) with 10 mM Ba 2ϩ , in place of Ca 2ϩ , and pipettes contained 10 mM MgATP, larger noninactivating currents that did not run down were present in most cells (Fig. 1B) . The unidentified noninactivating currents were activated at relatively negative voltages, resembling Ca v 1.3 or Ca v 1.4 L-type currents in other cells (29, 31, 37, 40, 59) .
Experiments in which recordings were made from the same cell using both Ca 2ϩ -and Ba 2ϩ -containing external solutions showed that the noninactivating current was markedly and specifically increased when Ba 2ϩ was used as the charge carrier. In the experiment illustrated in Fig. 2A , substitution of Ca 2ϩ with Ba 2ϩ increased the amplitude of the maximum noninactivating current nearly fivefold, with little or no shift in the voltage-dependent activation. Overall, the Ba 2ϩ -to-Ca 2ϩ current amplitude ratio for the noninactivating current was 4.66 Ϯ 0.95 (n ϭ 9). Furthermore, in Ca 2ϩ -and Ba 2ϩ -containing solutions, the noninactivating current was activated at relatively negative voltages ( Fig. 2A, right) .
While recording Ca 2ϩ channel currents from AZF cells, we noticed two distinct types of noninactivating current. One of these was a novel, very slowly activating current that was most easily observed when Ba 2ϩ served as the charge carrier ( Fig.  2B , right). In contrast, the activation kinetics of the more rapidly activating component were obscured by the large Ttype current expressed in most cells (Fig. 2B, left) .
The prominent expression of two types of voltage-gated, noninactivating Ca 2ϩ currents, particularly the novel, very slowly activating current resembling the Ca v 1.1 L-type current expressed in skeletal muscle, was unexpected. A series of experiments were done in an effort to identify and characterize these currents and determine their role in the physiology of cortisol secretion.
Nucleotide-dependent increase in the noninactivating currents in whole cell recordings. In many cells, various Ca 2ϩ currents often run down within minutes of initiation of whole cell recordings. Rundown is accelerated when ATP is absent from the pipette and when Ca 2ϩ is the charge carrier, especially in combination with weak intracellular Ca 2ϩ buffering (19, 28) . When Ca 2ϩ channel currents were recorded in AZF cells using pipettes containing 10 mM ATP and 11 mM BAPTA, and with 10 mM Ba 2ϩ substituted for Ca 2ϩ in the external solution, the rapidly and slowly activating noninactivating currents increased significantly during the first minutes of recording (Fig. 3) . The spontaneous time-dependent increase in the noninactivating currents was most easily observed in recordings from cells that expressed smaller T-type currents. In the experiment illustrated in Fig. 3A , the rapidly activating current increased spontaneously from its initial amplitude of ϳ50 pA to Ͼ300 pA in 6.5 min. The experiment illustrated in Fig. 3B shows a recording from a cell that appeared to express only rapidly and slowly activating noninactivating currents. The combined current amplitude increased approximately twofold to a stable maximum during a 5-min recording.
Intracellular ATP has been shown to modulate the activity of voltage-activated Ca 2ϩ channels by phosphorylation-dependent and -independent mechanisms (4, 61) . We compared the effects of MgATP (5 and 10 mM) and UTP (5 mM) on the time-dependent expression of the noninactivating, presumed L-type Ca 2ϩ currents in AZF cells. Raising the MgATP concentration from 5 to 10 mM increased the maximum noninactivating current density from Ϫ2.62 Ϯ 0.50 (n ϭ 7) to Ϫ4.05 Ϯ 0.33 pA/pF (n ϭ 17, P Ͻ 0.01; Fig. 3 , A-C and E).
The noninactivating current reached a significantly larger maximum current density when pipettes contained 5 mM NaUTP than when they contained 5 or 10 mM MgATP (i.e., Ϫ6.16 Ϯ 1.60 pA/pF, n ϭ 6). However, the noninactivating current ran down much more rapidly when the pipettes contained NaUTP (Fig. 3, D currents by TTA-P2 and nifedipine. Previous studies aimed at characterizing the different Ca 2ϩ channels of bovine AZF cells and their specific roles in the physiology of cortisol secretion have been compromised by the limited selectivity of available organic Ca 2ϩ antagonists. TTA-P2 is an organic Ca 2ϩ antagonist reported to selectively block T-type Ca 2ϩ channels in rat sensory and thalamic neurons without affecting high-voltage-activated Ca 2ϩ channels in these cells (9, 11) . However, the potency and selectivity of TTA-P2 as an inhibitor of specific T-and L-type Ca 2ϩ channel subtypes have not been established.
To measure the specific inhibition of Ca v 3.2 by TTA-P2, currents were recorded in 10 mM Ca 2ϩ to minimize the L-type current. Cells with little or no noninactivating current were chosen for application of the antagonist. In these experiments, the difference between the amplitude of the peak currents before and after superfusion of TTA-P2 was used to calculate percent inhibition of Ca v 3.2 ( Fig. 4A) . In other experiments, Ca 2ϩ currents were activated with short (10-ms) depolarizing steps, allowing Ca v 3.2 to be recorded in isolation as a slowly deactivating tail current (Fig. 5F ). Use of these two methods to measure T-type current inhibition by TTA-P2 yielded similar results. Currents were activated at 30-s intervals by 300-ms voltage steps applied to various test potentials from a holding potential of Ϫ80 mV. Current traces were recorded at the indicated test potentials. Amplitudes of peak (T-type ϩ L-type) and noninactivating (L-type) currents (ICa2ϩ) are plotted against test voltage. Noninactivating current amplitudes were measured by averaging 100 points (of 1,440 points/300 ms) near the end of a 300-ms test pulse.
We found that TTA-P2 blocked Ca v 3.2 channels in bovine AZF cells, with an estimated IC 50 of 350 nM. In contrast, at Յ3 M, TTA-P2 did not affect the noninactivating Ca 2ϩ currents (Fig. 4, A-C) . Inhibition of Ca v 3.2 by TTA-P2 was slowly reversible. Thus, TTA-P2 was determined to be a potent and selective antagonist of Ca v 3.2 channels in bovine AZF cells.
DHP Ca 2ϩ channel antagonists are among the most potent inhibitors of L-type Ca 2ϩ channel subtypes. However, these DHPs also block T-type Ca 2ϩ channels with variable potency (20, 50) . In this regard, nifedipine is significantly less potent than other DHPs as an inhibitor of Ca v 3.2, blocking these channels with an IC 50 of 21.3 M (50). Nifedipine was used to determine whether the noninactivating currents of AZF cells were authentic L-type currents. Accordingly, nifedipine (1 M) inhibited the rapidly and slowly activating components of the noninactivating Ca 2ϩ channel currents, measured at the end of a 300-ms test pulse, by ϳ90% but did not significantly reduce Ca v 3.2 (Fig. 5, A and B) . In addition to demonstrating the selectivity of nifedipine, this result provides convincing evidence that both of the noninactivating currents in bovine AZF cells were due to DHP-sensitive L-type Ca 2ϩ channels. Other experiments in which TTA-P2 and nifedipine were applied individually and then in combination further demonstrate the selectivity of these agents and show that together they blocked T-and L-type currents in AZF cells reversibly and almost completely (Fig. 5, C-E) . The experiment illustrated in Fig. 5F shows the separate effects of nifedipine and TTA-P2 on the slowly deactivating Ca v 3.2 "tail" current, activated in response to short (10-ms) depolarizing voltage steps. While nifedipine (1 M) failed to reduce the deactivating tail current, TTA-P2 (1 M) inhibited it by 80%. corded in 45.3% (107 of 236) of AZF cells. The rapidly activating L-type current was present in 82.2% (106 of 129) of cells where no slowly activating current was detectable. While the rapidly activating L-type current was also clearly expressed with the slowly activating current in many cells, the precise number of cells expressing both currents could not be determined with certainty (see below). Surprisingly, the recording of current-voltage (I-V) relationships from cells that allowed the unambiguous measurement of T-and L-type currents indicate that each of the three channels is activated with similar voltage dependence. The experiments illustrated in Fig. 6 show I-V relationships for the Ca v 3.2 current and the slowly activating and rapidly activating L-type currents. For each cell, distinct inward inactivating or nonin- activating currents were activated at potentials positive to Ϫ50 mV, while the maximum currents occurred at Ϫ10 mV for Ca v 3.2 and 0 mV for both L-type currents.
Variability of expression and voltage-dependent activation of T-and L-type currents.
In Fig. 6D currents recorded in 10 mM Ca 2ϩ activated at slightly more negative potentials, with a V ½ of Ϫ28.5 mV.
Voltage-dependent activation kinetics of L-type current. Even though the great majority of AZF cells express both Tand L-type currents that are activated at similar voltages, the potent and specific block of Ca v 3.2 by TTA-P2 allowed the slowly and rapidly activating L-type currents to be studied separately. The traces in Fig. 7A show currents recorded at various test potentials, before and after superfusion of the cell with TTA-P2 (2 M).
The voltage-dependent activation kinetics of the rapidly and slowly activating L-type currents were characterized by fitting noninactivating currents with an equation of the following form: I ϭ I F (1 Ϫ e Ϫt/ F ) ϩ I S (1 Ϫ e Ϫt/ S ), where I F and I S are the fractions of L-type currents activated with fast and slow kinetics. As illustrated in Fig. 7B , L-type Ca 2ϩ currents in AZF cells were activated with two markedly different time constants. Ca 2ϩ channel currents were recorded in response to voltage steps to 0 mV in the presence of TTA-P2 (2 or 3 M).
In each of 17 cells expressing a slowly activating L-type current, a rapidly activating component of noninactivating current was also present. Overall, 61% of the L-type current in these cells activated with a fast time constant ( F ) of 2.31 Ϯ 0.2 ms, while 39% activated with a slow time constant ( S ) of 120 Ϯ 24.6 ms.
When measured at various test voltages, S values varied from 486.6 Ϯ 65.0 ms at Ϫ20 mV to 54.8 Ϯ 6.1 ms (n ϭ 4) at ϩ30 mV. The function relating S and V m could be expressed as a single exponential with an e-fold change per 13.9 mV and a voltage-independent offset of 36 ms (Fig. 7C) . Over this same range of test potentials, F showed little voltage dependence and varied only from 1.88 Ϯ 0.46 ms at Ϫ20 mV to 1.30 Ϯ 0.27 ms (n ϭ 4) at ϩ 20 mV. These results demonstrate that bovine AZF cells express two L-type Ca 2ϩ currents, the voltage-dependent activation kinetics of which can vary by Ͼ2 orders of magnitude. They also indicate that, in a great majority of cells expressing the slowly activating L-type current, a larger component of rapidly activating current is also present.
Identifying the L-type Ca 2ϩ channels in AZF cells. DHPsensitive Ca 2ϩ currents of bovine AZF cells displayed a distinctive combination of properties, including activation at negative voltages, spontaneous "run-up" in whole cell recordings, and extremely slow activation kinetics, which, taken together, do not match the profile of any of the four known L-type Ca 2ϩ channels. Of particular interest, the extremely slowly activating L-type current in AZF cells resembles the Ca v 1.1 current, which is believed to be expressed exclusively in skeletal muscle. In nested-primer RT-PCR experiments using specific primers for bovine Ca v 1.1 [accession no. XM_002694242.2 (National Center for Biotechnology Information), B. taurus Ca 2ϩ channel, voltage-dependent, L-type, ␣ 1S -subunit (CACNA1S)] and Northern blot experiments using a skeletal muscle Ca v 1.1 probe, we found that cDNA and mRNA for Ca v 1.1 channels were undetectable in bovine AZF cells, while robust expression of total RNA was observed for skeletal muscle (data not shown). In contrast, mRNA for the Ca v 1.3 channel was highly expressed. Interestingly, after 24 h of incubation, Ca v 1.3 mRNA was markedly downregulated by ACTH and 8-BrcAMP (Fig. 8) .
Regulation of cortisol secretion by T-and L-type Ca 2ϩ
channels. Patch-clamp experiments established that bovine AZF cells express two distinct voltage-gated L-type Ca 2ϩ channels and Ca v 3.2 T-type channels that are selectively blocked by nifedipine and TTA-P2, respectively. Since ACTH receptor activation is coupled to membrane depolarization and the activation of voltage-gated Ca 2ϩ channels, experiments were done to determine the separate roles of T-and L-type channels in ACTH-stimulated cortisol production. ACTH stimulates cortisol synthesis through two temporally distinct cAMP-dependent mechanisms. The rapid phase occurs within minutes and is mediated by the mobilization and delivery of cholesterol to intracellular sites where steroidogenic enzymes reside (5, 54) . The delayed increase in cortisol production is mediated through the enhanced transcription of genes coding for steroidogenic proteins, including steroid hydroxylases, which catalyze the stepwise synthesis of cortisol from cholesterol (26, 54) .
TTA-P2 (10-1,250 nM) produced a concentration-dependent inhibition of the rapid and delayed components of ACTHstimulated cortisol secretion. In the experiment illustrated in Fig. 9A , TTA-P2 inhibited ACTH-stimulated cortisol secretion at 1 and 24 h, with a potency similar to that observed for the inhibition of Ca v 3.2 current. At 1,250 nM TTA-P2, secretion was reduced by 79.9 Ϯ 1.2% and 52.1 Ϯ 2.2% at 1 and 24 h, respectively. Similar results were obtained in each of three experiments. These findings indicate that a large fraction of the rapid and delayed components of ACTH-stimulated cortisol secretion depends on Ca 2ϩ entry into AZF cells through Ca v 3.2 channels.
Previously, we showed that ACTH inhibits TREK-1 and depolarizes bovine AZF cells, with IC 50 values of 4.5 and 10.4 pM, respectively (41) . In the present study, we found that TTA-P2 effectively inhibited cortisol secretion over a wide range of ACTH concentrations. In the experiment illustrated in Fig. 9B , TTA-P2 (500 nM) reduced secretion stimulated by ACTH (1 pM-10 nM) by 44.8 -61.7%.
In AZF cells, ACTH stimulates the activation of adenylate cyclase and the synthesis of cAMP, which mediate biochemical and ionic events, leading to cortisol synthesis (54) . In bovine and human AZF cells, inhibition of TREK-1 by cAMP leads to membrane depolarization and the activation of voltage-gated Ca 2ϩ channels (17, 33, 41) . Accordingly, we found that 8-BrcAMP stimulated large rapid and sustained increases in cortisol synthesis, which were inhibited by TTA-P2, with potency and effectiveness similar to that observed for the inhibition of ACTH-stimulated secretion. The experiment illustrated in Fig. 9C shows that TTA-P2 (10-1,250 nM) inhibited 8-BrcAMP-stimulated cortisol secretion at 2 and 24 h. At 2 and 24 h, 1,250 nM TTA-P2 reduced stimulated cortisol secretion by 70.3 Ϯ 1.8% and 56.1 Ϯ 1.0%, respectively. Nifedipine inhibits ACTH-stimulated cortisol secretion. In patch-clamp experiments, we found that nifedipine potently inhibited rapidly and slowly inactivating L-type channels at concentrations that did not affect the Ca v 3.2 current. At 10 nM-1 M, nifedipine inhibited ACTH-stimulated cortisol secretion, but less effectively than TTA-P2 (Fig. 10A) . In this experiment, nifedipine (1 M) inhibited ACTH-stimulated cortisol secretion at 2 and 24 h by 31.6 Ϯ 2.7% and 15.6 Ϯ 10.9%, respectively. In three experiments, nifedipine (2.5 M) inhibited ACTH-stimulated cortisol secretion at 2 and 24 h by 24.0 Ϯ 4.2% and 20.5 Ϯ 5.0%, respectively.
In the same experiments, TTA-P2 was significantly more effective than nifedipine as an inhibitor of rapid and delayed ACTH-stimulated cortisol synthesis. In the experiment illustrated in Fig. 10B , TTA-P2 (1 M) and nifedipine (1 M), applied separately, inhibited ACTH-stimulated cortisol secretion at 2 h by 58.0 Ϯ 2.0% and 27.2 Ϯ 3.3%, respectively. When TTA-P2 and nifedipine were used in combination, inhibition increased to 72.6 Ϯ 0.4%. Similar results were obtained in each of three separate experiments with TTA-P2 and nifedipine, used alone or in combination, each at 500 nM or 1 M.
BAY K8644 enhances L-type currents and the rapid phase of cortisol secretion. Experiments with nifedipine identified a role for L-type Ca
2ϩ channels in ACTH-stimulated cortisol secretion. Accordingly, we found that the DHP Ca 2ϩ channel agonist BAY K8644 increased both the rapidly and slowly activating components of noninactivating current in AZF cells and also stimulated cortisol secretion (Fig. 10C) . However, in contrast to ionomycin, the BAY K8644-induced increase in secretion persisted for Ͻ5 h. These results also provide further proof that both noninactivating currents were DHP-sensitive L-type currents.
Effect of TTA-P2 and nifedipine on ionomycin-stimulated cortisol secretion. The inhibition of ACTH-stimulated cortisol secretion by TTA-P2 and nifedipine indicates that these agents likely function by blocking depolarization-dependent Ca 2ϩ entry through T-and L-type Ca 2ϩ channels. However, these results do not exclude the possibility that these agents act at other Ca 2ϩ -dependent sites in the pathway leading to cortisol synthesis. The Ca 2ϩ ionophore ionomycin stimulates Ca 2ϩ influx and release from intracellular stores independently of any direct effect on voltage-gated Ca 2ϩ channels. We used ionomycin to determine whether TTA-P2 or nifedipine suppressed Ca 2ϩ -stimulated cortisol secretion independent of their inhibition of T-and L-type channels in AZF cells.
At 1-10 M, ionomycin stimulated concentration-dependent increases in cortisol production. Increases in the rate of cortisol secretion were observed within 20 min and persisted for Ն24 h in defined medium (Fig. 11, A-C) . These experiments indicate that increasing Ca 2ϩ concentration in bovine AZF cells is sufficient to produce rapid and sustained increases in cortisol secretion.
In contrast to their potent inhibition of ACTH-stimulated cortisol secretion, TTA-P2 and nifedipine were not effective inhibitors of ionomycin-stimulated secretion. At Յ250 nM, TTA-P2 failed to measurably reduce ionomycin-stimulated cortisol production at 2 or 24 h. However, in three experiments, TTA-P2 (1,250 nM) slightly, but not significantly, reduced ionomycin-stimulated cortisol secretion at 2 and 24 h by 14.5 ϩ 0.5% (P Ͼ 0.07) and 8.6 ϩ 1.9% (P Ͼ 0.1), respectively, while basal secretion was not affected (Fig. 11D) .
Similarly, in three experiments, nifedipine at 100-2,500 nM failed to significantly inhibit ionomycin-stimulated cortisol secretion, while at the highest nifedipine concentration, basal secretion was inhibited at 2 and 24 h by 20.8 Ϯ 6.9% and 22.9 Ϯ 9.8%, respectively (Fig. 11E) . These results indicate that TTA-P2 and nifedipine inhibit ACTH-stimulated cortisol secretion by blocking Ca 2ϩ influx through specific T-and L-type channels.
Inhibition of Ca 2ϩ channels and ACTH-stimulated cortisol secretion by other organic antagonists. Diphenylbutylpiperidines (DPBPs), including pimozide and penfluridol, have been shown to inhibit T-type Ca 2ϩ currents in bovine AZF cells, with IC 50 values of 0.3 and 0.5 M (17). In the present study we found that these two agents, as well as a third DPBP (fluspirilene), at 0.1-2 M, also effectively inhibited the rapidly and slowly activating L-type channels of these cells. Of the three antagonists, penfluridol was the most potent, but all three agents inhibited T-and L-type currents by Ͼ85% at 2 M (Fig. 12, A-D) .
We compared the three DPBPs with TTA-P2 as inhibitors of ACTH-stimulated cortisol secretion. The DPBPs resembled TTA-P2 with respect to their effectiveness as inhibitors of cortisol secretion at 2 and 24 h. They were significantly more effective than nifedipine in this respect (Fig. 12E) .
Interestingly, we also discovered that the DHP Ca 2ϩ antagonist niguldipine was far more effective than nifedipine as an inhibitor of cortisol secretion (Fig. 12E) . Accordingly, in addition to inhibiting L-type Ca 2ϩ currents, niguldipine is a potent inhibitor of Ca v 3.2 channels, with a reported IC 50 of 0.9 M (50).
Inhibition of ANG II-stimulated cortisol secretion by TTA-P2 and nifedipine. Although the signaling pathway activated by ANG II is different from that activated by ACTH in bovine AZF cells, both peptides inhibit TREK-1 channels, leading to membrane depolarization and the activation of voltage-gated Ca 2ϩ channels (14, 41) . However, in contrast to ACTH, ANG II induces primarily a short-term increase in cortisol secretion. TTA-P2 inhibited ACTH-and ANG II-stimulated cortisol secretion with similar potency and effectiveness. In the experiment illustrated in Fig. 13 , TTA-P2, at 20 nM-2.5 M, inhibited ACTH-and ANG II-stimulated cortisol secretion similarly. At the maximal concentration, TTA-P2 inhibited ACTH-and ANG II-stimulated secretion by 87.3 Ϯ 0.6% and 72.3 Ϯ 1.1%, respectively (Fig. 13, A and B) .
Nifedipine also inhibited ANG II-stimulated cortisol secretion. In the experiment illustrated in Fig. 13C , TTA-P2 (1 M) and nifedipine (1 M) inhibited ANG II-stimulated cortisol secretion by 57.0 Ϯ 3.7% and 45.7 Ϯ 2.5%, respectively. In combination, these two antagonists produced greater inhibition than either agent alone (67.8 Ϯ 0.8%).
DISCUSSION
In this study it was discovered that, in addition to Ca v 3.2, bovine AZF cells express two L-type Ca 2ϩ currents, both of which are activated at relatively hyperpolarized potentials. Patch-clamp and Northern blot experiments indicate that one of these L-type currents is Ca v 1.3. The second Ca 2ϩ current displayed extremely slow voltage-dependent activation kinetics and combined properties not previously reported for any voltage-gated Ca 2ϩ current. It was also discovered that TTA-P2 and nifedipine potently and specifically blocked the Tand L-type Ca 2ϩ channels of AZF cells at concentrations . At 2 h, P Ͻ 0.0001 for Ͼ50 nM TTA-P2; at 24 h, P Ͻ 0.003 for all TTA-P2 concentrations. Fig. 10 . Effect of nifedipine, TTA-P2, and BAY K8644 on cortisol secretion and L-type currents. At 24 h after bovine AZF cells were plated, medium was aspirated and replaced with defined medium without (control) or with ACTH, nifedipine, TTA-P2, or BAY K8644. Samples containing TTA-P2 or nifedipine were pretreated with agent alone for 30 min prior to addition of ACTH. Medium was collected at 2 and 24 h, and cortisol concentration was determined by enzyme immunoassay. Values are means Ϯ SE of duplicate determinations from triplicate plates. A: cortisol from media samples collected 2 h and 24 h after no treatment (control) or treatment with ACTH (2 nM) or ACTH ϩ nifedipine (1-1,000 nM). P Ͻ 0.007 for 1,000 nM nifedipine at 2 h. B: cortisol from media samples collected 2 h after no treatment (control) or treatment with TTA-P2 (1 M) ϩ nifedipine (1 M), ACTH (2 nM), or ACTH (2 nM) ϩ TTA-P2 (1 M) and/or nifedipine (1 M). **P Ͻ 0.001 for TTA-P2, nifedipine, and TTA-P2 ϩ nifedipine inhibition of ACTH-stimulated secretion. C: BAY K8644 increases rapidly and slowly activating components of L-type current in AZF cells and stimulates cortisol secretion. Ca 2ϩ currents were recorded in 10 mM Ba 2ϩ in response to voltage steps to Ϫ5 mV, applied from a holding potential of Ϫ80 mV, before superfusion of the cell with 1 M BAY K8644 (left) or 2 M TTA-P2 followed by 2 M TTA-P2 ϩ 1 M BAY K8644 (middle). Right: cortisol measured from media samples collected 0 -25 h after no treatment (control) or treatment with BAY K8644 (500 nM). cooperatively as dual second messengers that couple ACTH receptor activation to rapid and delayed effects on cortisol synthesis. It is not clear why bovine AZF cells require three separate voltage-gated Ca 2ϩ channels, which are activated with similar voltage dependence but vary widely in their activation and inactivation kinetics. These Ca 2ϩ channels, along with K v 1.4 and TREK-1 channels, may confer electrical properties on these cells that permit tight coupling of the ACTH concentration to V m and cortisol secretion during the daily diurnal rhythm and under conditions of extreme stress. Ca 2ϩ entry through sustained, graded depolarizations or Ca 2ϩ -dependent action potentials are likely possibilities. Regardless of the specific ionic mechanisms, the results of this study establish the importance of electrical events and T-and L-type Ca 2ϩ channels in the physiology of cortisol secretion.
Properties and identity of L-type Ca 2ϩ channels. Whole cell recordings made under conditions designed to maximize and stabilize the L-type Ca 2ϩ currents allowed us to identify novel properties of these currents not previously reported for L-type channels in these or other cells. The more than fourfold increase in L-type current amplitude observed upon substitution of Ba 2ϩ for Ca 2ϩ in the external solution was entirely due to conductance differences between the two ions, since Ca 2ϩ -dependent inactivation was eliminated by strongly buffering Ca 2ϩ with 11 mM BAPTA. The absence of current inactivation during a 300-ms voltage step with Ca 2ϩ as the charge carrier provides convincing evidence for this point.
The unexpected spontaneous run-up of fast and slowly activating L-type currents in whole cell recordings with pipettes containing 5-10 mM MgATP or 5 mM NaUTP indicates that the initial increase in current amplitude depends on nucleotide binding but is not specific for ATP. Furthermore, the increase does not require phosphorylation, since UTP is not a substrate for protein kinases. In contrast, the persistent increase requires ATP and, perhaps, ATP-dependent phosphorylation, since the L-type currents ran down within minutes in the presence of NaUTP. ATP has been reported to regulate cardiac L-type channels by phosphorylation-dependent and -independent mechanisms (4, 61) . Whatever the mechanism, addition of ATP (5-20 mM) to the pipette has been reported to delay Ca 2ϩ channel rundown (28) .
Of the two L-type Ca 2ϩ currents expressed by AZF cells, the rapidly activating current resembles the Ca v 1.3 current expressed in neurons, pacemaker cells of the heart, and some endocrine cells (7, 29, 31, 37 currents in AZF cells were activated at potentials positive to Ϫ50 mV. At the more physiological Ca 2ϩ concentration of 2 mM, these L-type currents would have been activated at even more hyperpolarized potentials, since divalent cations shift current-voltage curves to the right in a concentration-dependent manner (55) . Under physiological conditions, these channels could be activated by small depolarizations near the resting potential, allowing for sustained, graded Ca 2ϩ entry tightly coupled to V m . In this regard, in addition to stimulating depolarization-dependent Ca 2ϩ entry through bovine TREK-1 inhibition, ACTH could also enhance Ca 2ϩ influx by shifting the voltage dependence of L-type channel activation in the hyperpolarizing direction.
A slowly activating L-type current has not been described in previous patch-clamp studies on bovine, rat, mouse, or human adrenocortical cells or cell lines. Failure to observe this current in some of these studies may have resulted from suboptimal recording conditions. When conditions were optimized in bovine AZF cells, the slowly and rapidly activating L-type currents spontaneously increase, rather than run down, in whole cell recordings. It is also possible that the slowly activating current is only expressed in AZF cells of some species. Importantly, using the same recording conditions, we recently identified a similar Ca 2ϩ current in normal human AZF cells (unpublished observations).
Ca 2ϩ channel pharmacology and cortisol secretion. Previously, the lack of specific T-type channel antagonists hampered our ability to study L-type currents and their function in cortisol secretion. The identification of TTA-P2 as a potent and specific T-type channel blocker in AZF cells greatly facilitated our study of Ca 2ϩ channels in these cells. Specifically, in the presence of TTA-P2, L-type Ca 2ϩ currents and, especially, their activation kinetics could be viewed in isolation (Figs. 4  and 7) . This was of critical importance, because the presence of the rapidly activating and inactivating T-type current obscured the early activating component of the slowly activating L-type current. The failure to selectively eliminate T-type channel currents in previous studies may have prevented the earlier discovery of the slowly activating L-type current in these or other AZF cells.
The discovery that TTA-P2 blocked Ca v 3.2 almost completely at concentrations that did not affect either L-type current in AZF cells allowed us to quantify the specific role of these T-type Ca 2ϩ channels in the physiology of ACTH-and ANG II-stimulated cortisol secretion. The inhibition of up to 80% of ACTH-and 8-BrcAMP-stimulated cortisol secretion by TTA-P2 further validated the critical function of these channels in AZF cell physiology.
ANG II-stimulated cortisol secretion was inhibited by TTA-P2, with potency and effectiveness similar to that observed for ACTH. Although ANG II and ACTH function through different G protein-coupled receptors and signaling pathways, both inhibit TREK-1 and depolarize AZF cells similarly (41) . Apparently, the activation of Ca v 3.2 channels is a pivotal mechanism shared by both peptides in stimulating cortisol production.
TTA-P2 was significantly more effective than nifedipine as an inhibitor of ACTH-stimulated cortisol secretion, indicating a more prominent role for T-type channels. This result is consistent with our observation that Ca v 3.2 is the most highly expressed Ca 2ϩ current in AZF cells. At low micromolar concentrations, nifedipine blocked both L-type currents in AZF cells with little or no effect on Ca v 3.2. In whole cell recordings, the extent of block increased markedly during the course of a 300-ms voltage step. This result is consistent with the previously reported voltage-dependent block of L-type Ca 2ϩ channels by DHP antagonists, wherein their potency is markedly increased at depolarized potentials (3). The selectivity of nifedipine, in combination with its enhanced potency at depolarized potentials, makes it an excellent agent for determining the role of L-type channels in ACTH-and ANG II-stimulated cortisol secretion: both of these peptides depolarize bovine AZF cells by a maximum of at least 50 mV from their resting potential of Ϫ71 mV (41) . Accordingly, at concentrations as low as 10 nM, nifedipine produced significant inhibition of ACTH-stimulated cortisol secretion. As expected, the nonselective DHP niguldipine, which potently blocks Ca v 3.2, as well as L-type, channels, was significantly more effective than nifedipine as an inhibitor of ACTHstimulated secretion. The DPBPs also blocked Ca v 3.2 and rapidly and slowly activating L-type Ca 2ϩ currents. Therefore, they resembled niguldipine and were more effective than nifedipine in inhibiting secretion.
Our observation that ACTH was Ն10 times more effective than ionomycin at stimulating cortisol secretion indicates that Ca 2ϩ and cAMP in combination provide a far more powerful stimulus for secretion than Ca 2ϩ alone. The Ͼ80% inhibition of ACTH-stimulated cortisol secretion by TTA-P2 and nifedipine in combination establishes a critical requirement for Ca 2ϩ channels and cAMP in the steroidogenic response.
L-type Ca 2ϩ channels and AZF cell electrical activity. It is not known why AZF cells express L-type Ca 2ϩ channels that activate with fast or extremely slow kinetics. However, the slowly activating channels would be open during a sustained depolarization but remain closed during single fast action potentials. Perhaps Ca 2ϩ channel subtypes are differentially expressed in the AZF, creating subpopulations of cells with different electrical and secretory properties. Accordingly, the slowly activating L-type channel was detected in 45% of Ͼ200 cells.
Control of ion channel gene expression by ACTH.
This and previous studies demonstrate that ACTH and cAMP regulate the expression of genes coding for all the AZF cell Ca 2ϩ and K ϩ channels. Interestingly, ACTH strongly induces Ca v 3.2 mRNA and current but suppresses Ca v 1.3 mRNA (34). Similarly, ACTH increases the expression of bovine TREK-1 but rapidly downregulates K v 1.4 mRNA and current (12, 13).
These results indicate that, under conditions of prolonged stress, ACTH could remodel the electrical properties of AZF cells, leading to corresponding changes in cortisol secretion. Conclusion. Our results establish critical roles for T-and L-type channels in ACTH-and ANG II-stimulated cortisol secretion in bovine AZF cells. These Ca 2ϩ channels couple peptide hormone receptor activation to membrane depolarization and cortisol secretion through bovine TREK-1 inhibition. Recently, we discovered that normal human AZF cells were indistinguishable from bovine AZF cells with respect to the ion channels expressed and the inhibition of TREK-1 by ACTH and ANG II (15) . More recently, we found that human AZF cells express L-type Ca 2ϩ channels similar to those of bovine cells and that TTA-P2 and nifedipine block ACTH-stimulated cortisol secretion in these cells (unpublished observations). Thus, bovine AZF cells appear to be identical to human cells with respect to the ionic mechanisms that mediate cortisol production.
It will be important to identify the L-type Ca 2ϩ channels expressed in bovine and human AZF cells, particularly the novel, low-voltage-activated, slowly activating channel. In this regard, gain-of-function mutations in the CACNA1D Ca 2ϩ channel of adrenal zona glomerulosa cells cause primary hyperaldosteronism in humans by shifting the voltage dependence of channel activation (52) . It will be interesting to determine whether similar mutations in human AZF cells could be responsible for some cases of Cushing's syndrome. 
